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ABSTRACT 

The docked Apollo 15 s p a c e c r a f t  are t o  f l y  i n  
a l o w  l u n a r  o r b i t  f o r  about  n i n e t e e n  hours  p r i o r  t o  LM 
d e s c e n t .  Th i s  o r b i t  w i l l  c a r r y  t h e  s p a c e c r a f t  ove r  t h e  
mascon b a s i n s  Imbrium, S e r e n i t a t i s ,  and Cris ium, and 
n e a r  t h e  O r i e n t a l e  mascon. The i n f l u e n c e  of t h e  mascons, 
which are n o t  modelled by t h e  L1 l u n a r  p o t e n t i a l  model, 
ra ises  t h e  p o s s i b i l i t y  of  l a r g e  n a v i g a t i o n  errors p r i o r  
t o  t h e  l and ing .  Th i s  s t u d y  s u g g e s t s  t h a t  t h e  major e f f e c t  
of t h e  mascons w i l l  be  an error i n  t h e  o r b i t a l  p e r i o d ,  
c a u s i n g  a downrange e r r o r  of abou t  18,000 f t  p e r  r e v o l u t i o n .  
Crossrange  and a l t i t u d e  e r r o r s  of some 5000 and 1 0 0 0  f t  
due  t o  mascons are i n  t h e  same g e n e r a l  r ange  of magnitudes 
e x i s t i n g  i n  t h e  o r b i t a l  d e t e r m i n a t i o n s  and p r e d i c t i o n s  d u r i n g  
t h e  a c t u a l  f l i g h t  of t h e  s p a c e c r a f t  i n  p a s t  mi s s ions .  

R e a l  t i m e  p rocedures  f o r  o r b i t a l  n a v i g a t i o n  need 
n o t  be changed because  of t h e  mascons. A DO1 T R I M  burii 
f o u r  r e v o l u t i o n s  b e f o r e  powered d e s c e n t  ( P D I )  s e e m s  u n l i k e l y .  
The LM downrange p o s i t i o n  c o r r e c t i o n  a t  PDI (ARLS upda te  
v i a  NOUN 6 9 )  should  cope wi th  downrange errors e q u a l l y  as 
w e l l  as it h a s  i n  t h e  p a s t :  c r o s s r a n g e  e r r o r s  remain t h e  
major  u n c o r r e c t a b l e  e r r o r  a t  PDI. I 
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MEMORANDUM FOR FILE 

INTRODUCTION 

For a period of about nineteen hours, the docked 
Apollo 15 spacecraft will coast in a 60 nm by 8 nm lunar 
orbit which carries them directly over three large mascon 
basins: Imbrium, Serenitatis, and Crisium. Due to the 
considerable excess mass identified with these basins, there 
is natural concern as to the effects on orbit determination 
and prediction during the mission. 

This paper reports a brief investigation into 
the kinds of problems that may be encountered due to 
unmodelled mascon disturbances. The investigation compared 
the effects of the L1 lunar gravitational potential model-- 
to be used in the mission--against the effects of a simu- 
lated moon which adds mascons to the L1 mdel. The compari- 
sons involved an L1 orbit determination and state propa- 
gation check, using simulated lunar data, and a study of 
orbit element and'position error evolution over a nineteen 
hour period. The basic conclusion reached is that the 
possible errors introduced by the unmodelled mascons are 
significant, but that it appears that they may be compensated 
for. 

TRAJECTORY FOR APOLLO 15 

As a first in the Apollo series, the Apollo 15 
lunar orbit will have a large selenographic inclination 
(about 26O) and a large .selenographic node (about 1 0 7 ' ) .  
These values are required in order to achieve a landing at 
the Hadley-Apennines site, located at 2 6 f 0 7  N, 3 f 6 5  E. 
With respect to surface features, the trajectory will pass 
over the maria Crisium, Serenitatis, and Imbrium, and it 
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w i l l  p a s s  j u s t  w e s t  of  Mare O r i e n t a l e .  The 60 nm by 8 nm 
a l t i t u d e  t r a j e c t o r y  p reced ing  LM d e s c e n t  has  i t s  p e r i -  
c e n t e r  n e a r  t h e  e a s t e r n  edge of Mare S e r e n i t a t i s .  The 
docked s p a c e c r a f t  w i l l  be  i n  t h i s  o r b i t  f o r  abou t  n i n e t e e n  
hours .  A s t a t e  v e c t o r  n e a r  t h e  beginning  of  t h i s  p e r i o d  
w a s  t a k e n  from t h e  Apollo 1 5  Opera t iona l  T r a j e c t o r y ;  it 
i s  g i v e n  i n  s e l e n o c e n t r i c  1972 and s e l e n o c e n t r i c  1 9 5 0  
c o o r d i n a t e s  i n  Tab le  1. 

LUNAR POTENTIAL MODELS 

The L1 l u n a r  p o t e n t i a l  model w i l l  b e  used f o r  
on-board and ea r th -based  c a l c u l a t i o n s  f o r  Apollo 15. 
Because t h i s  model r e p r e s e n t s  averaged, o r  b u l k ,  p r o p e r t i e s  
o f  t h e  moon, it shou ld  n o t  be expected t o  g i v e  t h e  e f fec ts  
of  l o c a l  s t r u c t u r e s  such  as t h e  mascon b a s i n s  t h e  space-  
c r a f t  w i l l  f l y  ove r .  On t h e  o t h e r  hand, t h e r e  i s  no l u n a r  
p o t e n t i a l  model a v a i l a b l e  which i s  c o n f i d e n t l y  known t o  
model t h e  moon's p o t e n t i a l  i n  d e t a i l .  Thus, f o r  t h e  pur- 
poses  of t h i s  i n v e s t i g a t i o n ,  a d e t a i l e d  model had t o  be  
p o s t u l a t e d  which would s i m u l a t e  t h e  moon adequa te ly  f o r  a 
q u a l i t a t i v e  s tudy .  

The d e t a i l e d  model was o b t a i n e d  by adding  t o  
t h e  L1 p o t e n t i a l  approximate p o t e n t i a l s  f o r  t h e  seven  
mascons l i s t e d  i n  Table  2 .  T h i s  l i s t  c o n t a i n s  t h e  known 
mascons a f f e c t i n g  Apollo 1 5 .  A s  Table  2 i n d i c a t e s ,  some 
of  t h e  mascons w e r e  r e p r e s e n t e d  as s i n g l e  p o i n t  masses, 
w h i l e  o t h e r s  w e r e  r e p r e s e n t e d  a s  a s e t  of seven  p o i n t  
masses.* A l l  m a s s  p o i n t s  were a s s i g n e d  a dep th  of  1 0 0  k m  
below t h e  mean l u n a r  s u r f a c e .  T h e  p o t e n t i a l s  o f  each  o f  
t h e  p o i n t  masses w e r e  expanded i n  s p h e r i c a l  harmonics up 
t o  ( 7 , 7 ) ,  s c a l e d  t o  t h e  known l u n a r  m a s s ,  and t h e n  added 
t o  t h e  L1 p o t e n t i a l ,  a l s o  s c a l e d  t o  t h e  l u n a r  m a s s .  The 
r e s u l t i n g  p o t e n t i a l ,  g iven  with t h e  L 1  p o t e n t i a l  i n  
Table  3 ,  has  t h e  c o r r e c t  l una r  mass and a c e n t e r  o f  m a s s  
o f f s e t  on t h e  o r d e r  o f  500  f e e t  r e l a t i v e  t o  t h e  se l eno-  
g r a p h i c  o r i g i n .  
d i f f e r e n t  from t h e  c u r r e n t l y  accepted  a s t ronomica l  v a l u e s .  

I ts  C20 and C 2 2  v a l u e s  are s l i g h t l y  

U s e  of  t h e  p o t e n t i a l  i n  Table  3 ,  which w i l l  b e  
cal led t h e  mascon p o t e n t i a l ,  i nvo lves  the f o l l o w i n g  i m -  
p o r t a n t  assumptions:  

*The sets o f  seven w e r e  a r r anged  w i t h  one p o i n t  a t  
t h e  b a s i n ' s  c e n t e r  and t h e  o t h e r  s i x  i n  a hexagonal  
p a t t e r n  c e n t e r e d  on t h e  f i r s t  one. 



- 3 -  

1. Global  effects  f o r  Apollo 1 5  may be  r e p r e s e n t e d  
by t h e  L 1  model. 

2. A l l  l o c a l  e f f e c t s  f o r  Apol lo  15  may be  r e p r e s e n t e d  
by t h e  p o i n t  masses i n d i c a t e d  i n  Table  2 .  

3 .  Trunca t ion  of t h e  model a t  (7 ,7 )  w i l l  n o t  d e l e t e  
e f f e c t s  impor t an t  f o r  a q u a l i t a t i v e  s t u d y .  

The c e n t e r  of  m a s s  o f f s e t  and t h e  C20 and C22 

o f f s e t s  a r e  probably  w i t h i n  t h e  a s t r o n o m i c a l  
u n c e r t a i n t i e s  of  t h e s e  v a l u e s  and w i l l  n o t  
c o n t r i b u t e  s i g n i f i c a n t l y  t o  a q u a l i t a t i v e  s tudy .  

4 .  

ORBIT DETERMINATION - P D I  TARGETING 

The s t a t e  v e c t o r  of Table  1 w a s  used w i t h  t h e  
mascon p o t e n t i a l  t o  g e n e r a t e  t h r e e  f u l l  f r o n t s i d e  p a s s e s  
of  s i m u l a t e d  dopp le r  t r a c k i n g  d a t a .  
w a s  used w i t h  t h e  f i r s t  p a s s  d a t a  i n  a l e a s t  s q u a r e s  
r e g r e s s i o n .  F i n a l l y ,  t h e  s o l u t i o n  s t a t e  w a s  p ropagated  
forward  t h r e e  r e v o l u t i o n s  under t h e  L 1  p o t e n t i a l ,  and 
p r e d i c t e d  dopp le r  d a t a  w e r e  genera ted .  The d i f f e r e n c e s  
( r e s i d u a l s )  between t h e  s imula t ed  and p r e d i c t e d  dopp le r  
d a t a  w e r e  computed and p l o t t e d  as F i g u r e  1. The f i g u r e  
shows t h a t  t h e  r e s i d u a l s  seem "sma l l "*  i n  t h e  r e g r e s s i o n  
zone, b u t  t h e i r  growth i n  t h e  p ropaga t ion  zone shows t h a t  
s i m p l e  p ropaga t ion  of  an L1-determined s t a t e  v e c t o r  i n  an 
L 1  p o t e n t i a l  f i e l d  can l e a d  t o  a s t r o n g  d i v e r g e n c e  of t h e  
L 1  and a c t u a l  d a t a .  

The L1 p o t e n t i a l  t hen  

The meaning of t h e  r e s i d u a l s  i n  t h e  r e g r e s s i o n  
zone w a s  exp lo red  by computing t h e  UVW c o o r d i n a t e s  of t h e  
s o l u t i o n  s t a t e  (propagated  w i t h  t h e  L 1  p o t e n t i a l )  r e l a t i v e  
t o  t h e  supposed t r u e  p o s i t i o n  o f  t h e  s p a c e c r a f t  moving i n  
t h e  mascon p o t e n t i a l .  **The r e s u l t  was t h a t - - i n  t h e  

*These r e s i d u a l s  are s t i l l  t w o  o r  t h r e e  t i m e s  l a r g e r  
t h a n  i s  customary when u s i n g  t h e  L 1  p o t e n t i a l  i n . r e a l  t i m e  
Apol lo  work. 

**A UVW frame i s  a t i ne -va ry ing  frame i n  which U 
p o i n t s  a long  t h e  i n s t a n t a n e o u s  r a d i u s  v e c t o r ,  V p o i n t s  i n  
t h e  i n s t a n t a n e o u s  downrange d i r e c t i o n  and normal t o  U ,  and 
W completes  t h e  r igh thanded  t r i a d ,  p o i n t i n g  i n  t h e  i n -  
s t a n t a n e o u s  c r o s s t r a c k  d i r e c t i o n .  The UVW frame was 
computed f o r  t h e  s p a c e c r a f t  moving i n  t h e  mascon p o t e n t i a l  
f i e l d ,  and t h e  r e l a t i v e  p o s i t i o n  of  t h e  s p a c e c r a f t  moving 
i n  t h e  L 1  p o t e n t i a l  f i e l d  was decomposed i n t o  t h i s  frame. 
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r e g r e s s i o n  zone-- t h e  L1-predicted p o s i t i o n  had an ave rage  
downrange o f f s e t  of about  1 2 0 0  f t ,  a c r o s s  t r ack  e r r o r  
v a r y i n g  from z e r o  t o  3500 f t  and back t o  z e r o ,  and a v e r t i -  
c a l  e r r o r  va ry ing  f r o m  2000  f t  t o  ze ro  and back t o  2 0 0 0  f t .  
Downrange error grows a t  an average ra te  of 1 8 , 0 0 0  f t  p e r  
r e s o l u t i o n .  Crossrange  and a l t i t u d e  error c o n t i n u e  t o  
o s c i l l a t e  s i n u s o i d a l l y  t o  about  t h e  same extremes.  

The " N 6 9  ARLS" update  a t  powered d e s c e n t  i s  qu i . t e  
c a p a b l e  of c o r r e c t i n g  t h i s  downrange e r r o r .  A d d i t i o n a l l y ,  
p rocedures  e x i s t  f o r  i n c l u d i n g  s y s t e m a t i c  p r o p a g a t i o n  errors 
i n  a l l  t h r e e  d i r e c t i o n s  i n  t h e  s t a t e  v e c t o r  a t  d e s c e n t ,  
u s i n g  t h e  e x p e r i e n c e  ga ined  du r ing  t h e  r e v o l u t i o n s  between 
DO1 and PDI. The non-systematic  c r o s s r a n g e  e r r o r  remains 
t h e  major  u n c o r r e c t a b l e  error a t  PDI. M S C ' s  estimate of  
7 0 0 0  f t  l a  appea r s  a p p r o p r i a t e  and i n c l u s i v e  of  mascon 
e f f e c t s .  U s e  of landmark t r a c k i n g  shou ld  improve t h e  
s i t u a t i o n  f u r t h e r .  

ORBIT EVOLUTION - DO1 TARGETING 

The i n i t i a l  s ta te  v e c t o r  i n  Tab le  1 w a s  i n t e -  
g r a t e d  $forward n i n e t e e n  hours  assuming t h e  L1 l u n a r  poten-  
t i a l  model. T h i s  was r epea ted  u s i n g  t h e  mascon p o t e n t i a l  
model. F i g u r e s  2 th rough 13  show t h e  s e l e n o g r a p h i c  e lements*  
a ,  e ,  i ,  w,  R ,  and M f o r  each p o t e n t i a l  and t h e  moment-by- 
moment d i f f e r e n c e s  between the  e l e m e n t s  f o r  t h e  t w o  p o t e n t i a l  
models.  Note t h a t  t h e  p l o t s  of e lement  d i f f e r e n c e s  always 
show "mascon" minus " L 1 " .  F igu res  1 4 ,  1 5 ,  and 1 6  document 
t h e  p e r i l u n e  a l t i t u d e  e v o l u t i o n  f o r  t h e  two models.  The 
UVd c o o r d i n a t e s  of t h e  "L1 s p a c e c r a f t "  r e l a t i v e  t o  t h e  
"mascon s p a c e c r a f t "  are p resen ted  a s  f u n c t i o n s  of  t i m e  i n  
F i g u r e s  1 7 ,  1 8 ,  and 1 9 .  

, A l l  t h e  graphs  i n  F igu res  2 th rough 1 9  s h a r e  two 
major  c h a r a c t e r i s t i c s :  they  have long p e r i o d  t r e n d s  and 
s h o r t  p e r i o d  f i n e  s t r u c t u r e .  The d i f f e r i n g  e f f e c t s  of t h e  
t w o  p o t e n t i a l s  are mani fes ted  i n  t h e  e lement  d i f f e r e n c e  
curves. These cu rves  show t h a t  sma l l  t i m e  scale element  
d i f f e r e n c e s ,  a s  w e l l  a s  long t i m e  s c a l e  e lement  ra te  
d i f f e r e n c e s ,  are g e n e r a t e d  by t h e  mascon p o t e n t i a l .  The 
o n l y  e x c e p t i o n  i s  t h e  semi-major a x i s ,  which has  t h e  same 
long p e r i o d  r a t e  under t h e  two p o t e n t i a l s  ( i . e . ,  no t r e n d  
i n  F i g u r e  2 ) .  

*Ac tua l ly ,  i t , i s  e l e m e n t  minus i n i t i a l  v a l u e  t h a t  i s  
p l o t t e d .  The node, R ,  i s  r e f e r e n c e d  t o  t h e  i n e r t i a l  frame 
s e l e n o c e n t r i c  1 9 5 0 .  
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The differences between semi-major axes and ec- 
centricities (Figures 2 through 5) cause differences in 
the perilune altitudes (Figures 14, 15, and 1 6 )  for the 
two potentials.which, after nineteen hours are less than 
about 1500 ft. The short term altitude differences 
(Figure 1 7 )  are always less than about a mile. Further- 
more, the long term rate of decrease of perilune altitude 
(for either model) is about 400 ft/hr. Thus, there is no 
reasonable threat of crashing due to unmodelled mascon 
influences. 

The major perturbations caused by the assumed 
mascon potential seem to be in the geometrical elements: 
inclination, node, argument of perilune, and mean anomaly. 
After nineteen hours this potential causes Ai%O?O15, 
AR%-O.l', A I A % ~ ~ ,  and AM%-1'. The combined shift in argu- 
ment of perilune and mean anomaly is clearly dominant, 
suggesting that downrange errors will be the principal 
effect of neglecting the mascon effects. This means that 
in each revolution the L 1  potential would increment the 
lag error in its estimate of spacecraft position by about 
24,000 ft. This rough conclusion is verified by Figure 18, 
which plots the downrange position of the " L 1  spacecraft" 
relative to the actual spacecraft position in the mascon 
environment. 

The crosstrack errors are sensitive to the some- 
what cancelling effects of the inclination and node trends. 
This is evident from Figure 19, which shows the crosstrack 
position of the " L 1  spacecraft" relative to the ''mascon 
spacecraft. 'I This curve, which is actually the cross track 
error curve, may be approximated as a sine wave with  ampli- 
tude linearly growing in time and with a small, time-varying 
phase angle. 

The DO1 TRIM burn two revolutions before powered 
descent initiation is made only if the crosstrack error is 
over 50,000 ft, or if the altitude is outside the 30-70 ,000  ft 
range. It appears that mascons by themselves will not cause 
the burn to be necessary. 

PERSPECTIVE 

To assess the validity of the results just pre- 
sented, two checks were made. The first used the customary 
L 1  coefficients in the low order part of the mascon potential, 
to determine what portion of the potential produced the 
observed effects. It was found that the non-L1 contributions 
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( t h e  h igh  order c o e f f i c i e n t s )  from t h e  mascons were dominant.  
The second t es t  used  an Apollo 1 4  o r b i t  i n  t h e  same way t h a t  
t h e  Apollo 1 5  o r b i t  w a s  used i n  t h e  p reced ing  s e c t i o n s .  
The . r e s u l t  w a s  t h a t  t h e  mascon e f f e c t s  on t h e  Apollo 1 4  
s ta te  w e r e  much weaker t h a n  on t h e  Apollo 15 s t a t e .  A l l  
e r r o r s  grew from z e r o  ( l i t t l e  o r  no i n i t i a l  b i a s ) ,  and t h e  
downrange error growth ra te  w a s  on ly  about  4 0 0 0  f t / r e v .  

CONCLUSIONS 

Using an Apollo 1 5  Opera t iona l  T r a j e c t o r y  s t a t e  
v e c t o r  v a l i d  n e a r  t h e  beginning of t h e  n i n e t e e n  hour  c o a s t i n g  
p e r i o d  p r i o r  t o  LM d e s c e n t ,  pseudo dopp le r  t r a c k i n g  d a t a  
w e r e  g e n e r a t e d  assuming a mascon-laden moon. The L 1  po- 
t e n t i a l  model w a s  used i n  f i t t i n g  t h i s  d a t a  o v e r  one f r o n t  
s i d e  p a s s  and i n  p ropaga t ing  t h e  s o l u t i o n  s t a t e  v e c t o r  
forward t h r e e  r e v o l u t i o n s .  I t  appea r s  t h a t  t h e  dopp le r  
r e s i d u a l s  i n  t h e  f i t  zone a r e  n o t  as s m a l l  as they  w e r e  on 
p a s t  m i s s i o n s ,  and t h a t  t h e y  grow v e r y  l a r g e  even one revo- 
l u t i o n  p a s t  t h e  f i t  zone. Techniques e x i s t ,  however, t o  
cope w i t h  them a t  P D I ,  excep t  for t h e  non-systematic  cross- 
r ange  e r r o r s .  

The long  t e r m  p ropaga t ion  tests carried o u t  w i t h  
t h e  two p o t e n t i a l s  g i v e  a be t te r  p e r s p e c t i v e  on t h i s  con- 
c l u s i o n .  S p e c i f i c a l l y ,  t h e  p r i n c i p a l  long  t e r m  e r r o r  
i n t r o d u c e d  by t h e  assumed mascon d i s t r i b u t i o n  i s  a p p a r e n t l y  
c o n c e n t r a t e d  i n  t h e  downrange d i r e c t i o n ,  w i t h  about  1 8 , 0 0 0  
f t / r e v  lag  i n  t h e  L1-predicted p o s i t i o n .  The s h o r t  t e r m  
e f f e c t s  of  t h e  mascons s e e m  t o  be  predominant ly  v e r t i c a l  
a c c e l e r a t i o n s ,  which are i n c o n s e q u e n t i a l  f o r  t h e  60  nm x 8 nm 
o r b i t  o f  Apollo 15 ,  and t h e  long t e r m  e f f e c t s  seem t o  be due 
predominant ly  t o  h o r i z o n t a l  a c c e l e r a t i o n s .  The h o r i z o n t a l  
a c c e l e r a t i o n s  l e a d  t o  t h e  downrange errors j u s t  mentioned. 
The DO1 TRIM burn  a t  PDI  minus t w o  r e v o l u t i o n s  i s  r e q u i r e d  i f  
a l t i t u d e  or c r o s s t r a c k  e r r o r s  are l a r g e ,  and i s  n o t  a f f e c t e d  
by downrange errors. I t  appears  t h a t  t h e  mascons, by 
themselves ,  do n o t  have s u f f i c i e n t  e f f e c t  t o  make t h e  bu rn  
necessa ry .  

2014-SLL-ksc S .  L.' Levie,. Jr. 

Attachments 
Tables  1-3  
F i g u r e s  1-13 
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T a b l e  1 

APOLLO 15  STATE VECTOR 
NEAR THE START OF THE NINETEEN 

HOUR PRE-DESCENT COAST PERIOD 

EPOCH: 3 0 . 0 5 4 8 6 1 1  July, 1 9 7 1  

COMPONENT 
SELENOCENTRIC VALUE ( f t  ana f t / s e c )  

1972  

4 . 3 3 2 6 9 6 1 ~ 1 0 ~  

1 . 8 5 3 5 1 9 ~ 1 0 ~  

3.3147EjOlxlO 

3410 .7142  

-3744.0252 

-2257.3900 

6 

1 9 5 0  

4 . 3 4 8 1 0 2 4 ~ 1 0 ~  

1 . 8 3 3 1 4 6 6 ~ 1 0 ~  

3 . 3 3 0 5 8 9 4 ~ 1 0 ~  

3 3 8 8 . 4 9 0 5  

-3759 .9817  

-2264 .3267  



Tab le  2 

MASCON DATA* USED I N  CONSTRUCTING 
THE MASCON POTENTIAL MODEL 

MAS CON 

Imbrium 

S e r e n i t a t i s  

C r i s i u m  

O r i e n t a l e  

N e c t a r i s  

A e s  tuum 

H u m o r u m  

27  

23  

9.3 

4.6 

8 

10 

6.8 

89  TOTAL 

CENTER 
(LAT,  LONG) 

(38' ,  -18')  

( 2 8 ,  18 ' )  

(16', 58O) 

(-20°, -95') 

(-16', 34' )  

(lo', - 8 " )  

(-25', -40')  

REP RE SENTAT ION. 
( #  MASS P O I N T S ,  DEPTH) 

(7  , 100 k m )  

( 7  , 1 0 0  km)  

( 7  , 1 0 0  km)  

(1 , 1 0 0  km)  

( 7  , 1 0 0  km) 

(1 , 1 0 0  km)  

(1 , 1 0 0  k m )  

indicates A p o l l o  15  f l i e s  over  o r  tangent  t o  mascon. 

*The da t a  i n  t h i s  t ab l e  a re  based on W. M. K a u l a ,  
"The G r a v i t a t i o n a l  F i e l d  of t h e  Moon," Science,  1 3 6 9 ,  and 
Wong, L . ,  "Lunar  G r a v i t a t i o n a l  M o d e l  D e r i v e d  from D o p p l e r  
D a t a , "  presented a t  Spr ing  AGU meet ing ,  Washington, 1 9 7 0 .  



c I 

Table 3 

THE MASCON POTENTIAL COEFFICIENTS 

The potential is assumed to have the form 

where (r,e,+) are spherical polar coordinates of a field 
point,. P 
used in Apollo, GM = 4 . 9 0 2 7 8 ~ 1 0  

Coefficients not listed below are zero. 
theses are the coefficients for the L1 potential model. 
Mantissa-exponent format is used. 

is the associated Legendre function customarily 
3 3  L 
km /sec2 and ro = 1 7 3 8  km. 

Numbers in paren- 

Cll = .6135-4 Sll = .1784-5  Cl0 = .2264-4  

= - .22262958-3  C21 = .1771-4 S21 = .2491-5  
c20 ( - .207108-3)  

C22  = .28189157-4 
( .  20716-4)  

S 2 2  = .1689-5  

= .34089556-4  S31 = - .1742-5  
( .34-4) ‘31 

C32 = .3172-5  

= .7028132-5  
c30 ( .21 -4 )  

S32 = .1938-6  

C33 = .3106702-5  S33 = .1768-6  
(.2583-5) 

= - . 1998-5  ’41 

S 4 2  = - .4707-6 

S 4 3  = - .6693-7  

S44  = m.2523-7 

= - .3582-5  ‘41 

C b 2  = , 6292-6  

C43  = .2970-6  

C 4 4  = .2081-7  

= - .8339-5  ‘40 



F 

Table 3 ( con t inued)  

c~~ = .3153-6  

C60 = - 9 0 0 6 - 5  

C70 = .3364-5  

- ,3395-5 

= - .2353-6 

‘51 - - 

‘52 

C53 = - 7 0 0 3 - 7  

C 5 4  = -2273-7  

C55 = - .6799-9 

C61 = - .6830-6 

C62 = - .2508-6 

C63 = .3070-9 

CG4 = .2310-8 

C 6 5  = .2171-8 

‘66 

C71 = .1218-5 

C72 = - .1050-6 

= - .6631-8 

C74 = -.4833-9 

= - .2824-9  

= .1117-9 

= - .6362-10 

c 7 3  

‘75 

‘76 

C77 = . 2 0 4 7 - 1 1  

S51 = - 4 8 7 0 - 6  

S52 = - .2490-6  

S53 = - .4299-7 

S 5 4  = - .8855-8  

S55 = - .3731-8 

S61 = .8707-6  

S62 = - .2942-7  

S63 = - .9627-8 

S 6 4  = - .1878-8  

SS5 = - .6372-9 

S66  = - .6-65-10 

S71 = .2367-6  

s72 = .2795-7  

S73 = - .1525-7 

S 7 4  - .4405-9 

= .3188-10 s75 

s76 = - .4201-10 

S77 = . 3 3 9 0 - 1 1  
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